In this study, ultrafast transient absorption spectroscopy (TAS) is utilized to examine the excited-state dynamics in methylammonium lead iodide/bromide (MAPb(I 1−x Br x ) 3 ) perovskites as a function of bromide content. TAS spectral behavior reveals characteristic lifetimes for thermalization, recombination, and charge carrier injection of MAPb(I 1−x Br x ) 3 from x = 0 to 0.3 infiltrated in mesoporous titania films. Carrier recombination and charge injection lifetimes demonstrated a discernable increase with Br content likely because high carrier populations are supported by the higher density of vacant electronic states in mixedhalide perovskites due to the increased capacity of the conduction band. However, we observe for the first time that carrier thermalization lifetimes significantly decrease with increasing Br. This suggests that the shift in crystal structure from tetragonal towards pseudocubic accelerates carrier cooling, resulting in the relief of the hot phonon bottleneck. Furthermore, the stabilized MAPb(I 1−x Br x ) 3 samples exhibit a lower Burstein-Moss shift of 0.07-0.08 eV compared to pure MAPbI 3 (0.12 eV). Our results provide evidence that Br inclusion contributes to a broadening of the parabolic conduction band and to improvement in electron-phonon coupling and phonon propagation in the lattice.
Introduction
Photovoltaic devices designed with organic-inorganic halide perovskites have recently attained power conversion efficiencies (PCEs) reaching 22%, [1] [2] [3] demonstrating the promise of these low-cost materials for commercial viability and application in utility scale power. In this family of materials, methylammonium lead triiodide (MAPbI 3 ) perovskites have shown extraordinary performance due to their long range ambipolar diffusion lengths, large absorption coefficients, low exciton binding energies, and favorable band energetics. [4] [5] [6] However, the rapid degradation of MAPbI 3 in ambient air and moisture has resulted in poor long-term stability and undesirable hysteresis. 7, 8 Several approaches have been adopted to surmount the stability issues, including device encapsulation with hydrophobic polymers and inorganic oxides 9, 10 as well as engineering the charge transport layers to be waterresistant. 11, 12 Alternatively, controllable substitution of MAPbI 3 perovskite with Br ions not only provides a straightforward and effective route to improve their moisture stability, but also enables tunable optical band gaps with minimal impact on the overall light absorption that can be controlled by Br ionic content. 13 The enhanced stability of mixed halide MAPb (I 1−x Br x ) 3 perovskites results from the smaller ionic radius of Br ions that shifts the lattice structure from tetragonal to pseudocubic and reduces the lattice parameter, restricting the diffusion of water into methylammonium vacancies. 14 The inclusion of Br ions has also shown to promote linear charge transport, giving rise to increased exciton diffusion lengths as well as reduced carrier recombination. [15] [16] [17] Relative to their pure iodide counterparts, the increased band gap of MAPb (I 1−x Br x ) 3 perovskites also results in higher open circuit voltages in the range of 1-1.5 V. 18, 19 Therefore, by controllably infusing Br into the triiodide perovskite, moisture stability can be improved while preserving high photovoltaic performance.
increasing their environmental stability, 20, 24, 25 and correlating their structural and luminescent properties. [26] [27] [28] Despite this extensive work, the impact of halide composition on carrier thermalization and transport is not fully understood. While time-resolved photoluminescence (tr-PL) spectroscopy has been employed to study these fundamental parameters, tr-PL characterizes emissive states and cannot probe dark (nonemissive) states, which play a critical role in the light absorption properties of perovskites. Further, tr-PL also cannot resolve sub-picosecond carrier processes occurring in perovskites due to detection speed limitations. On the other hand, ultrafast pump-probe transient absorption spectroscopy (TAS) can reveal high resolution spectral and temporal behavior of photogenerated species and resolve the time scales of various excited state processes, and has been utilized to study perovskites extensively. [29] [30] [31] [32] Whereas time-resolved studies of carrier relaxation dynamics in pristine perovskite films (or those paired with a non-interacting scaffold) have already been reported, [32] [33] [34] [35] this study particularly probes mixed halide perovskites infiltrated in mesoporous TiO 2 films. We employed TAS to understand the impact of halide composition on the timescales of carrier thermalization, carrier recombination, and charge injection at the perovskite/TiO 2 interface in MAPb (I 1−x Br x ) 3 perovskite/TiO 2 films. Our motivation to study perovskite/TiO 2 films stems from examining the literature where some of the most promising high efficiency devices are achieved with perovskites infiltrated in mesoporous TiO 2 scaffolds. [36] [37] [38] Therefore, probing the fundamental mechanisms in this system is highly relevant to understanding the driving forces in high performing solar devices. Our TAS results from mesoporous mixed halide perovskites show that carrier cooling and relaxation dynamics within a mesoporous TiO 2 architecture are favorably affected by bromide inclusion. We demonstrate for the first time that the TAS bleach formation kinetics, attributed to hot carrier thermalization, are accelerated with increasing Br content, indicating relief of the hot phonon bottleneck. Conversely, the bleach relaxation, modeled by two characteristic lifetimes representing Auger recombination and charge injection to TiO 2 , slows with increasing Br composition. Finally, the Burstein-Moss shift, which describes energetics within the conduction band and is evaluated from the position of the bleach feature, decreases with the addition of Br as the capacity of the conduction band increases. Our work provides a mechanistic understanding of the carrier accumulation and carrier decay processes in mixed halide perovskites within a mesoporous TiO 2 architecture.
Experimental methods
All reagents, unless otherwise specified, were purchased from Sigma Aldrich and used as received without further purification. All H 2 O used for substrate preparation was ultrapure H 2 O (18.2 MΩ) obtained from a Milli-Q Direct-Q 3UV system. All work done under inert atmosphere was conducted in an MBraun LabStar glovebox filled with nitrogen (<0.5 ppm O 2 ).
Precursor synthesis
Methylammonium bromide (MABr) and methylammonium iodide (MAI) were synthesized according to previously reported procedures. 39, 40 Separately, 32.3 mL of hydroiodic acid (37 wt% in H 2 O) was combined with 30 mL of methylamine (40% in methanol, TCI) and 44 mL of hydrobromic acid was combined with 27.8 mL of methylamine to produce MAI and MABr, respectively. Both were reacted at 0°C for two hours under stirring using an ice bath. After two hours, the solutions were evaporated at 55°C using a rotovap. The precipitates were each washed at least 3× with diethyl ether and then collected using vacuum filtration. Finally, the crystals were dried in a vacuum oven at 60°C for 24 hours before use. 3 was deposited on the mesoporous scaffold by modifying a two-step sequential deposition process previously described. 41 Substrates were transferred into an inert atmosphere environment. A 100 mg mL −1 solution of PbI 2 in N,N-dimethylformamide was stirred vigorously for 1 hour at 70°C to dissolve before use. 200 μL was deposited onto each substrate and left to sit for ∼5 s to ensure that the solution was infiltrated throughout the full thickness of the mesoporous TiO 2 before spin coating at 500 RPM for 5 s and 6000 RPM for 40 s, followed by a 30 minute annealing at 70°C. Once cooled postannealing, substrates were dipped in IPA for 1-2 s before being placed in a bath containing the appropriate stoichiometric ratios of MAI and MABr in IPA, each on the range of ∼15 mg mL −1 (see Table S1 † for full details), for 1 minute with swirling, rinsed thoroughly with IPA, and annealed again at 75°C for 30 minutes.
Perovskite layer fabrication

Materials characterization
All optical absorbance spectra were taken using a Varian Cary 5000 UV-vis NIR spectrophotometer. Band gaps were estimated using Tauc plots, extrapolating the tangent to the steepest point of the absorbance band edge to where it crosses the baseline absorbance level and using the following relation: E g = hc/λ Tauc . Scanning electron micrographs were taken with a Zeiss Merlin at 10 kV accelerating voltage. Glancing angle X-ray diffraction spectra were obtained with a Scintag XGEN4000 X-ray diffractometer with CuK α at wavelength λ = 0.154 nm, and analysis is focused on the 2θ = 15°peak because of its indication of offset from cubic crystallinity. Grain size was estimated using the Scherrer equation with K = 1:
Transient absorption measurements
Femtosecond transient absorption measurements were conducted using a home-built pump-probe setup based on a femtosecond laser system, that utilizes seed pulses from a titanium sapphire oscillator (Micra, Coherent), amplified by a Ti: Sapphire amplifier (Legend USP-HE, Coherent) to provide 800 nm femtosecond pulses (2.5 mJ per pulse), operating at 1 kHz repetition rate with ∼45 fs pulse durations. The Legend amplifier is pumped by a Nd:YLF laser (Evolution-30, Coherent). A small portion of the output of the amplifier (∼4 μJ per pulse) is focused on a sapphire window (2 mm thick) to generate a white light continuum (WLC) probe (450-900 nm). To minimize temporal chirp in the spectrally broad WLC probe, a set of parabolic mirrors was used to collimate and focus the WLC on the sample. The transmitted probe was focused onto 100 μm core fiber coupled with a spectrometer/CCD (USB2000ES, Ocean Optics). The pump pulse at 400 nm is generated by doubling ∼50 μJ per pulse of the 800 nm fundamental in a BBO crystal. The pump beam passes through a delay line to allow control of time delay between the pump and the probe. In order to measure absorbance changes between every two successive laser shots, the pump beam was chopped at a frequency of 500 Hz. At the sample, the spot sizes of the pump and probe pulses were 100 μm and 50 μm, respectively. The pulse energy of the pump was varied between 20, 40, 60, and 80 μJ per pulse using a variable neutral density filter, corresponding to energy fluences at the sample of ∼28.4, 56.8, 85.2, and 113.6 μJ cm −2 . Amplitudes and lifetimes were extracted by fitting the integrated PB1 peak intensity to a convolution of the excitation Gaussian pulse to the following multiexponential function which contains a positive exponential component for extracting bleach formation, and two negative components to describe the bleach recovery:
To account for temporal chirp, the absolute times of measurement data were adjusted by wavelength based on the earliest observed response time. Peaks were integrated from the time-adjusted data set, and the normalized peak areas were fit over time to obtain kinetic parameters. The centroid of the peak areas was tracked as the Fermi energy of conduction band electrons. Residuals were calculated to check for goodness of fit; corresponding R-squared values can be found in Table S2 . † All R-squared values are in the range of ∼0.98 and above, which shows good reliability.
Results and discussion
The MAPb(I 1−x Br x ) 3 perovskite films were synthesized by varying the I/Br ratios in a mixed halide precursor solution (Table S1 †) and infiltrating the perovskites in a 100 nm mesoporous TiO 2 (mp-TiO 2 ) layer with an additional 100 nm perovskite overlayer. The mp-TiO 2 layer provides a scaffold for formation of the perovskite crystals, allows a precise way to control perovskite thickness, and provides an electron acceptor for carrier injection from the perovskites following optical excitation. The I/Br ratio was controlled by the relative concentrations of the MAI/MABr soak solution for PbI 2 -infiltrated mpTiO 2 substrates, as detailed in the Experimental methods and Table S1 , † and the exact Br content was further confirmed via XRD and UV-vis absorption measurements. Investigation of Br substitution was capped at x = 0.3, as previous studies have found that any improvements in optoelectronic properties of MAPb(I x−1 Br x ) 3 are negated past 30% Br inclusion as light absorption decreases sharply. 42, 43 Additionally, in our experiments, we found that with Br compositions higher than x = 0.3, the average grain size increased at the expense of complete coverage and contact with the mp-TiO 2 scaffold. While the thickness of both layers is significantly lower than that used in typical perovskite solar cells, 44, 45 these thicknesses were chosen to achieve relatively consistent optical density (OD ∼ 1.0-1.25 at 400 nm) between samples, providing ample transmittance for TAS measurements even at near-complete perovskite coverage. A representative top view and cross-sectional view of MAPbI 3 perovskite film are shown in Fig. 1a and b, respectively. Top-view SEMs of all other Br content samples are shown in Fig. S1 , † verifying that grain structure and coverage are sufficiently similar across all Br compositions. A non-color modified version of Fig. 1b can be found in Fig. S2 in the ESI. † While the grain structure in the different MAPb(I 1−x Br x ) 3 samples is similar across all Br compositions, the lattice microstructure differs due to the size difference between I and Br ions. As I ions are displaced by smaller Br ions, the lattice parameter decreases as the lattice shifts from a tetragonal structure toward a pseudocubic geometry, evidenced by the (110) peak shift toward 2θ = 15°with increasing Br in normalized XRD spectra (Fig. 1c) . The peak shifts align with those observed in literature for MAPb(I 1−x Br x ) 3 , 28, 46 confirming the presence of MAPb(I 1−x Br x ) 3 at the desired Br compositions. The absence of impurity peaks in full XRD spectra (Fig. S3 †) further confirms the purity of the perovskite phase and minimal unreacted PbX 2 present in any sample. Moreover, the average crystallite diameter, calculated from the (110) peak width using the Scherrer equation, is relatively constant for all Br compositions (Fig. S4 †) . The pure MAPbI 3 (0% Br) sample shows slightly elevated microstructure size compared to bromide-containing perovskite films, indicating that there is some compositional heterogeneity within mixed halide perovskite grains. However, based on the steepness of the absorbance band edge (Fig. 1d) , we conclude that this compositional heterogeneity arises from a natural dispersion of I and Br ions during the two-step perovskite synthesis. In addition to the crystallographic and topographic characterization of the perovskites, we have also probed the optical properties of the mixed halide perovskite films. Prior to analysis of transient absorption spectra, it is essential to understand the optical behavior of perovskites, as the excited-state deviations revealed by TAS highlight excitonic features present in the absorbance spectra of the MAPb(I 1−x Br x ) 3 films. The absorbance spectra shown in Fig. 1d demonstrate similar optical density for all Br compositions and a predictable blue shift of the absorptive band edge with increasing Br content. 47, 48 TAS measurements were recorded at a time delay after an excitation pulse saturates the perovskite conduction band, and show the absolute deviation in absorbance from the groundstate absorbance spectra. The TAS spectra for all samples at a time delay of 3 ps after excitation is shown in Fig. 2a when photobleach (PB) and photoinduced absorption (PIA) features are near their maximum. The broad PIA between 500-600 nm represents increased photoexcitation at off-peak wavelengths due to conduction band saturation. 49, 50 The PIA has also recently been linked to refractive index changes induced by the free carrier population, as photoexcited states in all semiconductors result in variations in the dielectric function. 50 There are two distinct photobleaches, PB1 at ∼700 nm and PB2 at ∼500 nm, which have been described by a dual valence and common conduction band model for MAPbI 3 . This two valence band model was first proposed by Xing et al. as a possible route for the formation of the two photobleach states. 51 These photobleaches represent blocked optical transitions from the two valence bands excited to the conduction band by the pump pulse. 49, 50, 52, 53 The optical transitions behind these features are depicted schematically in Fig. 2c , where the PB1 band reflects the transition from VB1 to CB, and PB2 reflects the transition from VB2 to CB. The intensity of PB2 has been attributed to both the presence of PbI 2 impurity and to charge injection into TiO 2 . 50, 52 Because the PB2 is primarily dependent on impurity presence rather than on bulk phase charge transport, our work focuses on the dynamics of the PB1 photobleach.
Following the ultrafast excitation of perovskites, carrier thermalization results in accumulation of the carrier population at energy levels near the band gap (Fig. 2c) . Carriers naturally thermalize to the minimum band energy, which is bound by a characteristic parabolic band shape, before recombining. However, since the density of states in the conduction band is finite, thermalized carriers adopt a Fermi-Dirac distribution above the parabolic boundary. After the 400 nm pump pulse creates a nonequilibrium distribution of excited electrons in the conduction band, electron-phonon coupling cools the carriers to a stable energy distribution within a couple of picoseconds. This distribution follows the parabolic band shape that is centered slightly above the absorption band edge due to the Burstein-Moss effect. The Burstein-Moss model of electronic band filling takes into account the broadening of the PB1 band, which is indicative of charge carrier accumulation and correlates the change in optical band gap to the charge density raised to the power of 2/3. 49, 54 Since excitation into the conduction band is blocked by the equilibrium distribution of filled electronic states, a photobleach is observed in the white-light continuum probe corresponding to the band gap energies with reference to the valence band. The apparent band gap for the blocked optical transitions in TAS is calculated from the centroid of the integrated TAS spectra 49, 50 and compared to the band gap from absorption in Fig. 2b . The difference between the band gaps as evaluated from TAS and absorption measurements represents the Burstein-Moss shift. The mixed halide samples (10-30% Br) show a consistent Burstein-Moss shift around 0.07-0.08 eV, but the pure iodide sample has a much higher Burstein-Moss shift of 0.12 eV. Based on the evolutionary spectra of all samples ( Fig. S5 -S8 †) we do not anticipate that a significant portion of the bleach feature is cut off by the low-pass filter; therefore, the bleach centroid position adequately represents the mean energy of the carrier population for all samples. More importantly, the measured conductivity of pure MAPbI 3 perovskite has been reported to be lower than that of bromide-containing perovskites, 26, 55 which suggests that parabolic conduction bands of MAPbI 3 have lower density of vacant electronic states available for free carriers. Thus, the energy distribution of fully pumped MAPbI 3 samples is shifted higher above the band gap. This is further explained below in the discussion of bleach formation lifetimes, which are markedly longer for the thermalization of carriers in MAPbI 3 than in MAPb(I 1−x Br x ) 3 . Carrier cooling can be tracked by the PB1 formation in TAS, which occurs within the first 2 ps after photoexcitation as shown in Fig. 3a . The lifetimes for bleach formation, τ 0 , are obtained from an exponential fit with positive amplitude, and a standard pulse width of 0.1 ps is fixed to account for the laser attenuation at early times. To understand the impact of the pump power on the thermalization lifetimes of the Br substituted mixed-halide perovskite samples, power dependent measurements were conducted between 20 and 80 μJ per pulse. The thermalization lifetime increases (i.e. the carrier cooling rate decreases) with rising pump fluence for all MAPb (I 1−x Br x ) 3 samples, as shown in Fig. 3b . With increasing pump fluence, the number of absorbed photons increases as well, resulting in high occupancy of energy levels nearest the band edge. The abundance of hot carriers, as well as the limit of phonon-electron coupling, inhibits the relaxation of carriers from the initial excited state to the conduction band edge, resulting in an enhanced hot carrier population. 56 This impediment to the carrier cooling in perovskites is a phenomenon described as the hot phonon bottleneck effect. [57] [58] [59] The clear trends observed in carrier thermalization with pump power indicate that hot phonon bottleneck is observable in the pure iodide and mixed halide perovskite mesoporous films.
Whereas phonon bottleneck is strongest in the MAPbI 3 sample indicating a long-lived population of hot carriers, with increasing Br substitution in the perovskite lattice the phonon bottle- neck effect slightly diminishes. This observation is clearly indicated in Fig. 3c (also shown in Fig. S9 † for all excitation fluences) showing that carrier thermalization rates become more rapid with increasing bromide composition. Our results therefore suggest that the hot phonon bottleneck is being relieved with bromine substitution, reducing the number of hot carriers with increasing Br content. Cooling of hot carriers in semiconductors dissipates the excess absorbed optical energy as lattice heat, comprising 50% of energy losses in traditional solar devices. 60 Therefore, the faster carrier thermalization in Br-substituted perovskites likely assists with device cooling and improve device longevity. However, in high power optoelectronics such as lasing and photodetection where a high population of hot carriers is useful, the pure iodide perovskite will be more desirable. The trends in Fig. 3c also illustrate that the most substantial decrease in τ 0 occurs between 0% and 10% Br, which further suggests that even low concentrations of Br improve electron-phonon coupling within the mixed lattice of MAPb(I 1−x Br x ) 3. The mechanism of this stability arises from the local crystalline geometry around Br ions. Since the MAPbBr 3 perovskite adopts a nearly perfect cubic lattice, 61, 62 the Pb centers in the PbX 6 octahedra will align linearly across the Br ions. This localized alignment is expected to promote phonon propagation as well as electron-phonon coupling. 63 As the Br concentration is further increased, the electron-phonon coupling improves incrementally as more PbX 6 octahedra are linearly aligned. Beyond improved charge transport, 27,64 the presence of Br ions in MAPb(I 1−x Br x ) 3 perovskites modifies the conduction band structure to enable faster carrier thermalization and phonon diffusion. 65, 66 The PB1 decay was also studied by fitting integrated peaks to two distinct decay exponents, a fast (τ 1 ) and slow (τ 2 ) component, from a biexponential fit (Fig. 4a) . Here, τ 1 is attributed to both charge carrier trapping at perovskite grain boundaries or defect sites and Auger recombination. The relatively high pump fluence (60 μJ per pulse) indicates that the carrier density is high enough that Auger recombination likely dominates τ 1 . This correlates well to previous findings by Xing et al. 51 suggesting the high absorption coefficient and long carrier diffusion lengths in organolead perovskites necessitates the use of low pump fluence to minimize energy losses by Auger recombination. Table S2 in the ESI † illustrates both a decrease in τ 1 as well as an increase in amplitude (A 1 ) with increasing pump fluence, indicating increased dominance of Auger recombination over trap-assisted recombination at high laser power. 50, 67, 68 The time constants for carrier recombination show a small increase for Br > 10% (Fig. 4b) . While in thin films of pure MA-Pb halides without a mesoporous scaffold, an increase in Auger recombination rate has been observed in MAPbBr 3 perovskites attributed to their higher exciton binding energy relative to MAPbI 3 , 69 we observe only a weak increase in the Auger-dominated τ 1 with increasing Br content in MAPb(I 1−x Br x ) 3 /mp-TiO 2 films within the x = 0 to 0.3 studied here. This observation is expected because high carrier populations are supported by the higher density of vacant electronic states in Br-containing perovskites due to the increased capacity of the conduction band. 26, 55 The slow decay component, τ 2 , represents charge injection from the perovskite to the mesoporous TiO 2 substrate that occurs on a time scale of hundreds of picoseconds. 31, 70 We observe a gradual increase in the charge injection time constant with increasing Br content (Fig. 4c) , which is expected due to the marginally close energy alignment between the conduction band of TiO 2 and the pure triiodide perovskite (∼0.1 eV). Park et al. have shown that for Br compositions up to 30% the conduction band edge increases by ∼0.05 eV; this small increase is likely responsible for delaying charge injection as bromide composition increases. 27 We note that while time-resolved photoluminescence can probe mechanisms that occur at nanosecond timescales, such as recombination within isolated bulk perovskites, 18, 20, 70 the sub-picosecond resolution of TAS is ideal for studying rapid processes, including thermalization and carrier trapping within mesoporous films. The progression of the carrier recombination processes also impacts the energy distribution of the excited-state carriers, 71 as schematically depicted in Fig. 5a . Auger and trap-assisted recombination, correlating to time constant τ 1 , contribute to about half of the observed excited-state decay. The majority of the remaining amplitude decays by the slower time constant, τ 2 , representing carrier injection from the perovskite to TiO 2 . The Fermi energy of excited carriers, calculated from the integrated PB1 peak position, is tracked over time in Fig. 5b to show the regression of mean carrier energy toward the Burstein-Moss limit. The sharp decline in Fermi energy at early timescales is a remnant of carrier thermalization, stabilizing around 3 ps when conduction electrons have relaxed to thermal equilibrium. The Fermi energy then continues to decline gradually as the carrier population is depleted. The slope of the decrease in Fermi energy shows very small variations between samples since τ 1 shows a weak variation across bromide compositions. However, the Fermi energy of pure MAPbI 3 approaches an apparent minimum consistent with the hypothesis that narrow-banded MAPbI 3 perovskites exhibit a greater Burstein-Moss shift than the mixed halide MAPb (I 1−x Br x ) 3 samples.
Conclusions
In summary, we utilized TAS to probe the excited-state dynamics of MAPb(I 1−x Br x ) 3 mixed halide perovskites in a thin mp-TiO 2 film geometry. The TAS dynamics were well fit by a multi-exponential fit representing lifetimes for sub-picosecond thermalization, picosecond carrier trapping and recombination, and sub-nanosecond charge injection to TiO 2 , respectively. The measurements reveal that both Auger-dominated carrier recombination and charge injection lifetimes show weak increase with rising bromide compositions between 0-30%. However, carrier thermalization rapidly improves by substituting Br in MAPbI 3 , which we conclude enhances the electron-phonon coupling in the perovskite lattice. The observed faster carrier thermalization in Br-containing perovskite samples is attributable to relief of the hot phonon bottleneck and to the broadening of the parabolic conduction band with Br inclusion. This indicates that as low as 10% Br substitution in MAPbI 3 perovskites not only increases the stability of conduction band to energetic perturbations but also promotes efficient heat dissipation from the active layer with minimal impact on light absorption. 65 The fundamental insight gained from this work will not only enhance the understanding of the ultrafast carrier processes in organic-inorganic perovskites, but can also be applied to more complex systems such as such as interfaces of perovskites with other semiconductors or metal nanostructures.
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Fig. 5 (a) Energy diagram illustrating decay processes for photogenerated carriers. Photoexcitation of perovskites pumps electrons from valence bands (VB) into the conduction band (CB). Carriers decay by either injecting into TiO 2 or relaxing via trap-assisted (one-body) or Auger (multi-body) recombination mechanisms. (b) The Fermi energy of excited carriers, calculated from the centroid of integrated PB1 features, decreases as the carrier population relaxes over time.
